ruary 1980 issue of Proc. Natl. Acad. Sci. USA (77, (980) (981) (982) (983) (984) , the printer did a poor job of reproducing the halftones. They are reprinted here. Topographical fluorescence microscopy images of the major features of the cellular cytoskeleton have advanced our knowledge of cytoskeletal structures during the last few years. Labeling of fixed cells by indirect immunofluorescence with antiactin antibodies (1, 2) or by fluorescent heavy meromyosin (3) has been used to study microfilaments and their relationship with other cytoskeletal components. More recently, microinjection of fluorescent actin has been used to study these structures in living cells (4-6).
Here we report the development and application of an alternative fluorescent marker for cellular F-actin. It is applicable to living cells and thereby offers potential for observing the dynamics of cellular processes. We first outline the synthesis of the fluorescent derivative of phallacidin. Next we demonstrate its specificity and applicability by three illustrative studies. In the first, images of the actin cytoskeleton of fixed tissue culture fibroblasts provide familiar structures for conformation of specificity and quality of staining. Second, preliminary observations of living animal cells in culture confirm the practicability of incorporating the actin marker into living functioning cells by simple permeabilization procedures and suggest some of the possibilities for observing the dynamics of cytoskeletal processes. Third, we present an application in which the actin filaments associated with the rotational cytoplasmic streaming in the alga Chara australis are observed without inhibition of streaming in perfused living cells.
We sought a fluorescent marker for actin that could be introduced conveniently into large populations of living cells, unlike fluorescent antibodies and myosin derivatives. We were drawn to the phallotoxins, small cyclic peptides that have been shown by Wieland and his coworkers (7) to bind specifically to and stabilize F-actin. In particular the acidic phallotoxin, phallacidin, that abounds in American strains of the poisonous mushroom Amanita phalloides offers small molecular size (Mr 848) and a convenient carboxylic acid residue for attachment of the fluorescent label (8) . Although this toxin differs in this carboxylic acid residue from phalloidin, its actin binding characteristics are essentially identical (7).
MATERIALS AND METHODS Synthesis of Phallacidin Derivative. A detailed account of the synthesis, characterization, and purification will be published elsewhere. Briefly, phallacidin was purified by column chromatography from a mixture of mushroom toxins residual to an amanitin purification by Yocum (9) . Diazomethane was used to convert phallacidin to a methyl ester, which was subsequently converted to an amide by reaction with ethylenediamine. This derivative, containing a primary amine, was then mixed with 4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD-Cl) in absolute methanol. The ensuing reaction resulted in the formation of the fluorescent derivative NBD-phallacidin (NBD-Ph) (Fig. 1) . Partial purification was achieved by ether precipitation of the labeled and unlabeled toxins. The precipitate used in all the fixed-cell experiments reported here contained 20% NBD-Ph with the remainder being unlabeled phallotoxin and negligible other impurities. Through further purification on SP-50 Sephadex, unlabeled toxin could be removed and the essentially pure fluorescent toxin, obtained. This purified fluorescent toxin was used in the live-cell experiments.
Preparation and Staining of Animal Cells. Fibroblasts from a sustained line of Swiss mouse 3T3 cells (3T3) and primary cells from chicken embryos (CEF) were grown on glass coverslips, sometimes collagen coated, following standard procedures using Dulbecco's modified Eagle's medium with 10% fetal calf serum in 5% CO2 at 37°C. Mouse embryo fibroblasts were prepared by the procedure of Rein and Rubin (10) . All media were purchased from GIBCO. Fixed preparations were obtained by exposing cells on cover slips to 2% CH30 in phosphate-buffered saline for 20 min at 220C, followed by washing twice with phosphate-buffered saline at 4°C, extracting with acetone at -20°C for 7-10 min, air drying and finally staining with 0.3-0.6 ,ug of partially purified NBD-Ph in 350 Al of phosphate-buffered saline or Hanks'
Abbreviations: NBD-Ph, 7-nitrobenz-2-oxa-1,3-diazole-phallacidin; CEF, chicken embryo fibroblasts.
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Prominent actin structures in the ruffles at the perimeter of an active lamellipodium appear in Fig. 3A . Most of the actin filament bundles extending into the lamellipodium from the cell center appear to terminate well before reaching the periphery.
We were able to photograph the CEF cell, or cells, shown in Fig. 3B , in mitosis. Here the cleavage furrow-associated actin separating the two cell volumes is clearly visible (14) . No fibrous organization of the actin was visible in any plane of the fluorescence images.
The three NBD-Ph fluorescence images of CEF displayed in Fig. 4 illustrate the diversity of virtually unaltered cytoskeletal structures that can be photographed. In Fig. 4A the actin "cellular geodome" sometimes seen in rounded cells is preserved. In Fig. 4C a round cell that has just begun to spread shows prominent actin structures in its regularly ruffled border and evidence of early axial alignment of central actin cables. One can imagine that the cytoskeletal structure shown in active staining (15) . This well-established staining method provided a convenient objective measure of the recovery of membrane integrity and cell viability.
Miller et al. (11) [2] [3] ,ug/ml, under conditions in which the cells were incubated with NBD-Ph in medium with serum.
In summary, the effects on living fibroblasts of the lysolecithin permeabilization process and accompanying toxin staining include the following: (i) The doses required for adequate staining of virtually all cells in a dish introduce no initial visible perturbation of the cell structure. (ii) Viability of toxin-stained cells assayed after 60 min by fluorescein diacetate fluorescence generally approximated or exceeded 33%, but it was variable and sensitive to the lysolecithin permeabilization treatment. (iii) Severalfold increases of the dose of lysolecithin above our standard levels induce rapid cell loss. (iv) In a few cases we observed that mouse embryo fibroblasts concentrate the fluorescent marker into internal spherical structures that may be vesicles (not shown). Similar structures have recently been observed subsequent to fluorescent actin microinjection (6) . (v) Although long-term studies are incomplete and variable in their results, our observations together with those of Miller et al. (11) suggest that some of the permeabilization and staining procedures leave cells viable by the fluorescein diacetate assay for many hours.
Marking Actin Cables in Living Chara During Cytoplasmic Streaming. The giant cells of characean algae show rapid rotational cytoplasmic streaming. Electron and fluorescence microscopic studies employing myosin fragments have identified subcortical actin cables that are believed to participate in the generation of the streaming in these cells (16) (17) (18) . These cables form unambiguous structures attached to the chloroplast files. Living, streaming Chara cells perfused with NBD-Ph show fluorescent subcortical actin cables (Fig. 5) , whereas control cells perfused with NBD-CI and NBD-ethanolamine show no fluorescent cables. Structural features of the actin cable network marked by NBD-Ph in these living cells confirm features previously observed in fixed cells marked with myosin fragments (16) (17) (18) .
The fluorescent stain on some cables appears somewhat fuzzy. Electron microscopy has revealed endoplasmic filaments in association with actin cables (19, 20) . The unresolved fluorescence in Fig. 5A may consist of aggregates of these submicroscopic filaments that have bound NBD-Ph, but artifacts have not been excluded.
It is to be emphasized that Fig. 5 shows cells that are actively streaming at near normal rates. Labeling with myosin fragments stops streaming. We have observed the fluorescent marked cables during the continuation of cytoplasmic streaming for several hours after NBD-Ph perfusion. This capability for observing the actin cytoskeleton in living cells has made possible studies of the dynamics of cytoplasmic streaming to be reported elsewhere.
DISCUSSION
We have shown in both tissue culture cells and algal cells that NBD-Ph labels various structures known to consist of F-actin. Moreover, phalloidin competition experiments and control stainings show that the staining is specific for F-actin.
We have observed with NBD-Ph large amounts of diffuse and fibrous actin that appear to be membrane associated. Because the diffuse staining is similar in living cells that are permeabilized and stained, and in fixed and stained cells, it seems 10,um. unlikely to be due to an artifact. Of course, phallacidin does stabilize F-actin and may therefore induce association of dissolved G-actin or F-actin fragments with membrane-associated F-actin. Similarly, crosslinking by the fixative in fixed and stained cells may accomplish a similar aggregation.
We find that cell nuclei are not stained by NBD-Ph in either live or fixed tissue culture cells. In contrast, photographs of antiactin antibody staining show staining of cell nuclei (2, 21 Observations of actin filament configurations and movements during cytoplasmic streaming in the living, perfused algal cells of Chara australis were made possible by use of NBD-Ph. This experiment illustrates the usefulness of the toxin as an in vivo actin marker that enables observation of previously inaccessible dynamic processes. Such observations must be interpreted carefully because phalloidin and phallicidin are known to stabilize F-actin (23) and hence may alter the native degree of actin polymerization in live cells. In the Chara experiments the toxin is not disruptive (as will be reported elsewhere), and this observation suggests that depolymerization of actin is not an essential step in the pumping of cytoplasmic streaming in these cells.
Fluorescence-labeled phallacidin may become a preferred actin stain. Because phallacidin is extremely stable and is relatively abundant in Amanita phalloides, its availability is assured. The low molecular weight of the labeled toxin allows its introduction into slightly permeabilized living tissue cells. Because permeabilization procedures are applicable en masse to an entire culture dish population, the overall procedure provides a large sampling of a cell population in contrast with microinjection techniques. We chose NBD-CI as the fluorophore for phallacidin primarily for its small size (Mr 200) and ideal reactivity. We have not yet investigated the effect of larger labels on permeability.
